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ABSTRACT Fixed spherical human red blood cells suspended in 17% sucrose were allowed to adhere on either clean glass
surfaces or glass surfaces preincubated with antibodies specific to a certain blood group antigen. The adhesion experiments
were performed in an impinging jet apparatus, in which the cells are subjected to stagnation point flow. The objective of this
study was to compare the efficiencies of nonspecific and specific (antigen-antibody mediated) adhesion of red blood cells on
glass surfaces. The efficiency was defined as the ratio of the experimental adhesion rate to that calculated based on numerical
solutions of the mass transfer equation, taking into account hydrodynamic interactions as well as colloidal forces. The efficiency
for nonspecific adhesion was nearly unity at flow rates lower than 85 pll/s (corresponding to a wall shear rate, Gw, of 30 s-I at
a radial distance of 110 pm from the stagnation point). The values of efficiency dropped at higher flow rates, due to an increase
in the tangential force. The critical deposition concentration is found to occur at 120-150 mM NaCI, which is consistent with
the theoretically predicted values. At low salt concentrations, the experimental values are higher than the theoretical ones. Similar
discrepancies have been found in many colloidal systems. Introducing steric repulsion by adsorbing a layer of albumin molecules
on the glass completely prevents nonspecific adhesion at flow rates below 60 pI/s (Gw = 15 s-1). The efficiency of specific
adhesion depends both on the concentration of antibody molecules on the surface and the flow rate. Normal red cells adhere
more readily through antigen-antibody bonds than fixed cells. Fixed spherical cells have a higher adhesion efficiency than fixed
biconcave ones.
INTRODUCTION
Cell adhesion can be regulated by nonspecific forces, such
as van der Waals attraction and electrostatic repulsion, which
govern the interactions between all colloidal particles and
substrates, as well as by specific affinities between adhesive
molecules (ligands and receptors) on cells and substrate or
between cells in the suspending medium. Examples of the
latter are antigen-antibody reactions. The expression of the
specific affinity is, in turn, usually regulated by some bio-
logical event, such as conformational change, clustering, and
dimerization of the adhesive molecules, as well as morpho-
logical changes of the cells. Red blood cells have been the
preferred models for both nonspecific and specific cell-
substrate adhesion, due to their simpler structure, their lack
of cytoskeletal activity, their morphological changes in re-
sponse to various chemical and physical stimuli, and their
well understood chemical, mechanical (Evans, 1983; Evans
and Kukan, 1983; Vertessy and Steck 1989), rheological
(Goldsmith and Marlow, 1979; Dintenfass, 1990), and col-
loidal properties (Donath and Voight, 1986; Crunze and
Heuck, 1986). Adhesion studies of red blood cells have been
conducted on various materials, including glass (Wolf and
Gingell, 1983; Trommler et al., 1985) and polymer sur-
faces (Absolom et al., 1986), as well as oil/water interfaces
(Gingell and Todd, 1975). The emphasis has usually been
placed on the influence of physicochemical factors, such as
ionic strength, pH, temperature, and osmolarity. Such work
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has been motivated by problems of biocompatibility or the
desire to understand the mechanism of adhesion.
Cells, however, are normally exposed to body fluids which
not only serve as mechanical stimulators (i.e., causing ex-
tension, compression, and shear of cell membranes), but also
control the dynamic process of adhesion. The flow of body
fluids may, for example, bring cells and substrates into con-
tact by overcoming possible repulsive barriers due to steric
or electrostatic repulsion, or, contrarily, remove a cell from
another cell or substrate before a "key" molecule finds its
way into the specific cavity of a "lock" molecule. Therefore,
studies on static adhesion of red cells based on pre-exposure
of cells to a substrate, followed by detachment of nonad-
herent cells by external forces, such as gravity (Weiss, 1974),
centrifugation (Trommler et al., 1985), or hydrodynamic
shear (Shiga et al., 1985) are inadequate to reflect the in vivo
situation. Besides thermodynamics, the kinetic aspects must
also be considered. For this reason, more attention has re-
cently been directed to the time dependence of the adhesion
process. The technique most commonly adopted to study the
time dependence is one in which a number of parallel static
adhesion batch experiments is performed, terminated, and
analyzed successively (Volger and Bussian, 1987). Another
method consists of passing cells through a column packed
with beads made of the particular material of interest and
detecting the variation in particle concentration of the ef-
fluent with time (Kallay and Matijevic, 1981). A variety of
flow chambers, such as the parallel plate channel (Chien et
al., 1990), the rotating disk (Hull and Kitchener, 1969; Rutter
and Abbott, 1978) and the radial flow chamber (Fowler and
Mckay, 1980) have been developed to better control the hy-
drodynamic forces. Most of these techniques, however, serve
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to measure the kinetics of detachment, i.e., to characterize the
duration of adhesive bonds with respect to hydrodynamic
forces and time. For instance, transient adhesion of model
cells in an axisymmetric stagnation point flow created by a
radial flow chamber was studied (Cozens-Roberts et al.,
1990) by monitoring the critical radii beyond which the
model cells survived the shear force and remained adherent.
Our impinging jet technique, so far used to study adhesion
of latex particles (Dabros and van de Ven, 1983; Varennes
and van de Ven, 1988a) and bacteria (Xia et al., 1989), also
creates a stagnation point flow. However, instead of focusing
on areas at a large distance from the stagnation point (as was
the case in the radial flow chamber technique), we are in-
terested in the small area near the stagnation point, where the
hydrodynamic boundary layer is relatively thin and uniform.
Hence, the continuously measured surface density can be
interpreted by theories of mass transport and colloidal in-
teractions, considering the probability of receptor/ligand
collisions.
The objective of this study is to gain a better understanding
of the kinetics of both nonspecific and specific (antigen-
antibody mediated) adhesion of red blood cells in terms of
mass transport and hydrodynamic theories, taking into ac-
count the colloidal forces.
EXPERIMENTAL
Preparation of fixed sphered swollen red blood
cells
Fixed spherical red blood cells (FSRC) were prepared by the method of Tha
et al. (1986). Essentially, blood obtained from healthy volunteers via ve-
nipuncture into EDTA coated test tubes was centrifuged at 80 g to separate
the red blood cells from plasma. The buffy coat was removed by aspiration
of the supernatant during the repeated washing (six times) in ice-cold iso-
tonic phosphate buffer (PB) containing 1mM Mg2+ (pH 7.4). 1 ml of packed
biconcave red cells was allowed to swell to spheres in 104-ml hypotonic PB
solution containing 0.2 M glycerol and 1.73 mM SDS. After about 15 s of
stirring, they were fixed by freshly prepared 1% electron microscope grade
glutaraldehyde (Fisher Scientific, Montreal, Que.) solution in PB at a final
concentration of 0.085%. The fixed spherical red cells were washed six
times in a physiological saline (PS) solution, 0.15 M NaCl in distilled deion-
ized water, and were stored in saline containing 0.01% sodium azide at 4°C
for a maximum period of 2 weeks before use.
The average diameter of the FSRC so prepared was 6.1 + 0.4 ,um de-
termined from diffusion coefficient measurement by photon correlation
spectroscopy (PCS). The differences between three different batches (from
two different donors) were within 8% by PCS measurements. This size is
in good agreement with microscopic observations under a magnification of
800 (Zeiss Ultraphot II).
Fixed biconcave cells were also prepared by glutaraldehyde fixation as
follows. To 5-ml washed red cells, 250 ,u of platelet-poor plasma at 37°C
was added. This suspension was mixed with 25 ml of isotonic PB containing
0.3% electron microscope grade glutaraldehyde for 5 min while being
stirred. The fixed cells were washed five times in PS.
Prior to an experiment, the FSRC were suspended in a saline solution
containing 17% (w/w) sucrose (pH 6.5-6.8) to avoid sedimentation during
the experimental period, typically 30 min. The concentrations of the red cell
suspensions were determined, by counting the number of cells in a hema-
cytometer, and then adjusted to the desired values.
Estimation of FSRC density
Dilute suspensions of red cells in distilled deionized water (120 cells ,l-1,
corresponding to a volume fraction of 0.001%) were titrated with 30%
sucrose solution while being mixed by a magnetic stirrer. The resulting
suspensions were then allowed to stand for 1-2 h. The sucrose concentration
was calculated when no obvious phase separation was observed. The density
(1.08 kg dm-3) of the sucrose solution (19.9% by weight) was taken as the
density of the fixed red blood cells.
Adsorption of antibody on glass surfaces
Glass coverslips (Fisher Scientific, Pittsburgh, PA), cleaned using a previ-
ously described procedure (Xia et al., 1989), were incubated overnight with
monoclonal mouse antihuman IgM antibody (Dako Corporation, Dimension
Labs., Mississauga, Ontario) specific to the human blood group antigen
(type B) in 0.15 M NaCl at 40C. The coated coverslips were separated from
the coating solutions and incubated in saline containing 1% bovine serum
albumin (BSA) for 2 h. Before experiments, a coated slip was rinsed three
times with 1% BSA/saline solution.
The existence of the adsorbed antibody on glass surfaces was tested
qualitatively with alkaline phosphatase conjugate of anti-mouse Ig mol-
ecules. Briefly, the coverslips, which were coated with IgM molecules and
BSA successively, were incubated with phosphatase-Ga mouse Ig (Sigma
Chemical Co., St. Louis, MO) at 1:350 dilution in PBS at 37°C for 2 h,
followed by washing with PBS three times. They were then incubated with
p-nitrophenyl phosphate, which scintillates after reacting with the phos-
phatase on the surface, in carbonate buffer (0.013 M Na2CO3, 0.037 M
NaHCO3, and 0.002 M MgCl2) at the same temperature for 20 min. The
optical density of the supernatant, containing p-nitrophenyl phosphate, at
410 nm was plotted against antibody concentration of the coating solution.
The results are shown in Fig. 1. The decay in the transmittance of the
supernatant, with increasing antibody concentration, indicated by the circles
in the figure, demonstrates that, even after exposure to a high concentration
of albumin molecules and to repeated washing, antibody molecules remain
adsorbed. The squares in the figure represent the coverslips coated with
antibody in the presence of 1% BSAin PBS. Obviously, albumin molecules,
having a larger diffusion coefflcient than antibody molecules, reach surfaces
much faster than the antibody molecules and, therefore, many more albumin
molecules occupy the surface.
Antibody density on glass surface
The antibody density on glass was quantified by a radioimmunoassay. The
coated glass coverslips for various antibody concentrations were exposed
overnight, at room temperature, to saline solutions containing known con-
centrations of I"25-labeled rat monoclonal antibody (ICN Biomedicals,
Irvine, CA) against mouse IgM (Zymed Laboratories Inc., San Francisco,
CA). The unbound 1125-labeled antibody molecules were removed by rinsing
the slips 10 times with saline. The surface density of 125-labeled antibody,
and consequently that of the original IgM molecules, was calculated from
the radioactivity of each slip determined in an x-ray spectrometer (Canberra
Packard Canada Ltd., Mississauga, Ontario) assuming each and every anti-B
IgM Molecule on the surface binds to one radioactive antibody molecule.
The actual surface concentration of antibody could be somewhat lower than
the value obtained from this method, since an IgM molecule may bind to
more than one anti-IgM molecule.
Fig. 2 shows a plot of the amount of adsorbed antibody molecules and
the surface coverage versus the amount of antibody molecules added. The
surface coverage was calculated assuming that the diameter of an IgM mol-
ecule is 30 nm (Feinstein and Munn, 1969). It can be seen that the maximum
surface coverage is rather low (only about 5%). This could be due to the
presence of albumin molecules whose concentration was 1% in the original
antibody solution in order to maintain the function of the antibody. These
BSA molecules, whose concentration was in proportion to the antibody
concentration, competed with the antibody during adsorption. For a given
concentration of the coating liquid, the surface density of antibody increases
approximately exponentially with time, reaching a plateau at a characteristic
time which corresponds to the time required for BSA molecules to cover the
surface. At a higher concentration of the coating liquid, the numbers of both
BSA and IgM are increased, resulting in a shorter characteristic time and
a higher plateau value. Hence, the number of antibody molecules on the
Biophysical Journal1074
Kinetics of Adhesion of Red Blood Cells on Glass
100
s0
FIGURE 1 Transmittance of substrate
supematant as a function of IgM coating
concentration. Circles represent the cover-
slips incubated with antibody prior to ex-
posure to 1% BSA solution. Squares rep-
resent the coverslips exposed to antibody in
the presence of BSA molecules.
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FIGURE 2 Adsorbed antibody and surface coverage
as a function of IgM coating concentration. The diam-
eter of an IgM molecule is taken as 30 nm.
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surface, as shown in Fig. 2, is kinetically controlled. Since the desorption
of antibody is a very slow process, equilibrium conditions will be reached
after a time much longer than the duration of the experiments.
Experimental set-up
The adhesion experiments were carried out with an impinging jet apparatus,
as previously described (Xia et al., 1989), and illustrated in Fig. 3. A stream
of suspension (jet) flows through an orifice and impinges onto a coverslip
(surface) placed on top of the flow cell. The suspension flows from a res-
ervoir into the orifice via inlet valves by means of pressure from a nitrogen
gas cylinder with a low pressure regulator which allows fine adjustment in
the range of 40-140 kPa. The suspension leaves the cell via an outlet valve.
For a typical flow rate of 100 ,xl s-1, the pressure on the suspension in the
gas-tight container leading to the inlet of the jet is 70 kPa. The change of
flow rate due to the drop in the liquid level in the reservoir after a 30-min
experiment is negligible (<1%).
The geometry of the stagnation point flow created by the impinging jet
is shown in Fig. 3 a. The ratio ofh/R of the jet was 1.8, where h is the distance
between the confining plates of the jet and R is the radius of the jet. The
velocity field near the stagnation point is given by
VI = a rz; V = -az2 (1)
where Vr and V. are the velocity components in the radial (r) and normal
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FIGURE 3 (a) Geometry of stagnation point flow created by a jet of radius R impinging onto a surface. After exiting from an orifice, the jet is contained
between two confining plates a distance h apart. Close to the stagnation point P the flow is given by Eq. 1. (b) Schematic of the experimental flow cell.
A suspension enters from a pressurized reservoir through an inlet valve and the orifice tube to impinge against the upper surface.
(z) direction. The parameter a, characterizes the strength of the flow. From
extrapolation of literature values (21), it can be shown that a, is approxi-
mately given by
a =
v
= 4.4Re"2-8.24 (2)
where v is the kinematic viscosity of the medium and Re is the Reynolds
number, defined as
THEORETICAL
For a dilute suspension, mass transfer in the absence of a
source term can be expressed as
(4)anat
Re =
In
(3)
u is the mean velocity of the jet and p and q are the density and the viscosity
of the medium. The velocity u is determined experimentally from the amount
of fluid flowing through the cell per unit time.
The number of adherent red cells on a window area of the coverslip of
radius 220 gm (around the stagnation point) was observed through a mi-
croscope to which a camera was attached and recorded on video. A
typical adhesion experiment lasted 20 min. The surface density, defined
as the number of cells per unit area, was obtained as a function of
time through frame-by-frame analysis of the videotape. From the initial
linear increase of the coating density with time, the rate of adhesion was
determined.
Test of the activity of antibody on the glass
surface
It is possible that antibody molecules adsorbed on glass become denatured.
In order to test whether antibody adsorbed on the glass surface remained
active in a sucrose solution and in a flow field, fixed red blood cells sus-
pended in 17% sucrose/saline solution at a concentration of 1.34 X 104 11l1-
(corresponding to a volume fraction of 0.16%) were allowed to adhere to
a coated coverslip at a flow rate of 39 s.d/s. Red blood cells of blood type
Awere used as a control to estimate the percentage of concurrent nonspecific
adhesion. The results (Fig. 4) indicate that adsorbed antibody molecules
maintain their function and specificity. At higher flow rates, beyond 60 Al
s-i a small number ofA cells adhere, possibly due to detachment or rear-
rangement of albumin molecules on the surface under the influence of flow,
thus forming bare patches on the glass surface.
J= -D*Vn+Un (5)
where n is the concentration of the particles, J the particle
flux vector consisting of contributions from convection and
diffusion, D the diffusion tensor, and U the velocity of the
particles. The velocity is the sum of the hydrodynamic ve-
locity, obtained from Eq. 1 by multiplying the velocity com-
ponents by the appropriate particle-wall correction factors,
and the velocity due to forces such as colloidal and external
forces. Since the adherent cells were measured in an area near
the stagnation point within which the normal velocity (cf. Eq.
1) was independent of the radial distance r, the normal flux
was also independent of r.
From the solution of this equation one can obtain the con-
centration profile of particles near the surface, from which
the rate of particle deposition, j, can be calculated (Dabros
and van de Ven, 1983). Usually j is expressed as a dimen-
sionless Sherwood number defined as
a
Sh
=jDn
0
(6)
with D being the translational diffusion constant of the par-
ticle, a its radius, and n0 the concentration. The solution of
Eqs. 4 and 5 depends on the nature of the external and
colloidal forces and on the ratio of convection to diffusion,
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FIGURE 4 Test of the immunological activity
ofIgM molecules on a glass surface: surface den-
sities of adherent fixed A cells and B cells on
anti-B IgM-coated glass as a function of time.
Concentration of cell suspension: 1.34 x 104
pLl-1; suspending medium: 17% sucrose (by
weight) in saline (0.15 M NaCl); flow rate: 39
,u/s for B cells and 37 pI/s for A cells.
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expressed by the Peclet number Pe:
2a a3
Pe = (7)
For the external and colloidal forces we consider van der
Waals attraction, electrostatic repulsion, and gravity. These
forces are characterized by five dimensionless numbers de-
fined as the adhesion number, Ad = A123/6kT, the dimen-
sionless retardation wavelength, X = A/a, the double layer
number Dl = 47rE*qi2alkT, the double layer thickness pa-
rameter T = Ka, and the gravity number Gr = 2Apga3/9rjD.
HereAI23 is the Hamaker constant for dispersion interactions
between surfaces 1 and 2 in medium 3, A is the London
retardation wavelength, E is the permittivity of the medium,
iPl and qi2 are the surface potentials of materials 1 and 2, K'
is the double layer thickness, Ap is the apparent density of
the particle, g the gravitational constant, q the viscosity of
the medium, and kT is the thermal energy.
Equations 4 and 5 can be solved analytically for some
limiting cases; for instance, when the increase in hydro-
dynamic drag on a particle while approaching the surface
is balanced by the van der Waals attractive force
(Smoluchowski-Levich approximation) and when the diffu-
sion boundary thickness is much greater than the particle
size, i.e., the Peclet number, Pe, is small.
For large particles such as red blood cells, however, hy-
drodynamic interactions are no longer negligible, especially
when Pe is much larger than one, typically > 200. Therefore,
a numerical solution of Eqs. 4 and 5 which includes effects
of both colloidal forces and hydrodynamic interactions is
necessary. The boundary conditions for Eqs. 4 and 5 are
z/a= 1 + 8, n=; z-oo, n=nO (8)
where 8 is taken as 1 X 10- (about 3 A for a particle of 3
,um radius).
RESULTS AND DISCUSSION
Nonspecific adhesion
Parameters used in the numerical calculation
The Hamaker constant, A11, for a fixed red blood cell mem-
brane was estimated from the value of A132 (9 X 10-21 J) for
fixed red blood cells interacting with a hexadecane/saline
interface at a low salt concentration (0.3 mM NaCl)
(Parsegian and Gingell, 1980) by the following equation
(Visser, 1972)
(9)
where the value of A33 was taken as that of water (3.28 X
10-20J) (Visser, 1972) and A22 for hexadecane is 5.23 X
10-20J (Hunter, 1987).
A33 for a 17% sucrose solution is approximately the same
as that of 19% sucrose. The values for glass (1.15 X 10-19
J) (Gregory, 1969) and 19% sucrose (1.09 X 10-19 J) were
calculated from the relation of the Hamaker constant and the
dispersion equation of refractive index given by (Nir and
Anderson, 1976)
27 (Oi(k
Aik = - hCilCk + k (10)
where h is Planck's constantl2-r, Ci is the dispersion coef-
ficient and w, is the effective frequency. From Eq. 9, A132 for
cell/17% sucrose/glass is estimated as 0.4 X 10-21 J. From
A123 the adhesion number was found to be Ad = 0.02.
Gr was calculated to be 0.223. The ratio of the radius of
the cell to the double layer thickness T = 4213. The dielectric
constant of 17% sucrose was estimated to be 65.3, assuming
that it varies linearly with sucrose concentration. We have
also assumed that Ala is 0.4.
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The electrophoretic mobility of an erythrocyte in physi-
ological saline was experimentally determined to be 1.2 X
10-6 mstIV'1 (Levine, et al., 1983) and theoretically pre-
dicted to be approximately 1 X 10-6 ms-1V-1, assuming that
the radii of the polyelectrolyte segments are 6 A. This mo-
bility value corresponds to a ; potential of -15 mV (van Oss,
1975). A ; potential of -18 mV has also been estimated (van
Oss and Absolom, 1983).
In contrast, the ; potential of glass at high salt concen-
trations is rather difficult to determine. It has been measured
to be larger than -56 mV in the presence of KCl at concen-
trations below 5 mM (Overbeek, 1952). The value obtained
by extrapolating these data to 0.15 M KCl is nearly zero;
however, the exact ; potential for the physiological salt con-
centration is not available.
Theoretical predictions
Despite the lack of information on the zeta potential of glass,
numerical solutions ofEqs. 4 and 5 show that, in the presence
of 0.15 M NaCl, the critical double layer parameter, D1,it,
is around 180 (Fig. 5). Below Dl = 180, the Sherwood num-
ber, Sh, is nearly constant. This Dl value corresponds to 12
(mV)2 for the product of the ; potentials of the glass surface
and the cell membrane.
Sherwood numbers calculated from Eqs. 4 and 5 with
(Shl) and without (Sh2) external forces and the correction
terms for hydrodynamic interactions, are plotted for various
Peclet numbers (Fig. 6). The Sherwood number Sh2 (the
Smoluchowski-Levich approximation) is higher than Shl for
all Pe values used, suggesting that for larger particles, the
Smoluchowski-Levich approximation is not very good.
The effect of A and Gr on the results is very small. Varying
A/a from 0.05 to 1.0 results in an increase in Shl of 10%,
60 L
40
FIGURE 5 Dependence of Sh on Dl, calculated from
Eqs. 4 and 5. Ad = 0.02, A/a = 0.4, Ka = 4212, Gr =
0.223, and 8 = 0.0001.
AI
20
while varying Gr from 0.01 to 1.0 causes an increase in
Shl of only 2%.
The theory also predicts that, at low salt concentration
(<0.11 M NaCl), manifested as relatively low Ka values
(-3000), and below a critical value of Dl the Sherwood
number or adhesion rate is negligible. Increasing Ka to a
critical value, corresponding to the critical deposition con-
centration of salt (CDC), results in a dramatic rise in Sh (Fig.
7). While this abrupt change in Sh starts at the same Ka,
regardless of Peclet number, the CDC is shifted slightly to-
ward higher Ka values for higher Peclet numbers.
Comparison between experimental and theoretical results
The experimental Sherwood numbers were determined from
the initial rate of increase in the surface density of the ad-
herent cells, obtained from the best fit of the recorded change
in the surface density with time to an exponential equation,
as described previously (Xia et al., 1989). The initial slope
of the equation is taken as the initial adhesion rate. Due to
blocking of newly arriving cells by the adherent cells, this
rate decreases gradually and, given sufficient time, ap-
proaches zero. Occasionally, the escape of an adherent cell
was observed. The ratio of the experimental Sherwood num-
ber to the theoretical one, Shl, is defined to be the adhesion
efficiency and is denoted as a. In Fig. 8, the experimental
Sherwood number and the adhesion efficiency are plotted
against Peclet number. It can been seen that, except for the
values at high Pe, a falls between 0.94 - 1.01, which is in
excellent agreement with theory. The decrease in efficiency
at high flow rates can be explained by an increase in the
effects of tangential forces which were neglected in the
theory (Varennes and van de Ven, 1988b).
O III ,
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Dl
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FIGURE 6 Calculated Sherwood number as a func-
tion of Peclet number, Shl and Sh2: numerical solution
of Eqs. 4 and 5, with and without external forces and
hydrodynamic interactions, respectively. Ad = 0.2, Dl
= 180, Ala = 0.4, Ka = 4212, and Gr = 0.223.
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The effect of salt concentration on Sh is shown in Fig. 9.
Theory predicts that no adhesion occurs at <50 mM NaCl,
while exprimentally adhesions is observed at 10 mM NaCl.
The dimensionless flux increases gradually with Ka and
reaches a plateau value at a salt concentration between 120
and 150 mM. Studies of the adhesion of fixed red blood cells
to several hydrophobic polymer surfaces (Absolom et al.,
1980) in the absence of flow have shown a similar trend.
These investigators observed small amounts of adherent red
cells at NaCl concentrations as low as 1 mM; plateau values
were reached at around 100 mM NaCl, depending on the type
of polymer. Similar results have been obtained with trypsin-
*200 FIGURE 7 Sherwood number as a function of Ka for
four different Pe numbers. Ad = 0.02, A/a = 0.4, Gr =
0.223, Dl = 180, and 8 = 0.0001. Arrows indicate CDC.
-100
4500
treated red blood cells which begin to adhere on glass at 1
mM in the absence of flow (Trommler et al., 1985). The slow
deposition rate (below the CDC) was found to be larger than
predicted. Discrepancies between theoretical and experimen-
tal results for slow deposition or coagulation are common and
not well understood. Nevertheless, the theoretical CDC is
between 120 - 150 mM for Dl = 180, which is consistent
with the experimental results. This CDC value is close to the
physiological salt concentration and corresponds to a double
layer thickness of 0.8-0.9 nm. At this Dl value, the product
of the ; potentials of the cell membrane and the glass surface
is only 12 (mV)2. If the C potential of -15 mV for red blood
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FIGURE 8 Experimental Sherwood number
and adhesion efficiency as a function of Peclet
number. The dashed line represents the theoreti-
cal prediction, Shl.
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FIGURE 9 Experimental (closed circles) and theo-
retical values (solid line) of Sherwood number, Sh, as
a function of Ka at Pe = 165 and Dl = 180.
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cells (see above) is correct, the ~potential for glass at 0.15
M NaCl is only -0.8 mV.
Specific adhesion
The adhesion flux of type B red cells to anti-blood group B
IgM-coated glass was also compared with the theory (Fig.
10). Specific adhesion occurs in a very narrow range of flow
rates, typically 25-60 ptl/s. Below this region, no adhesion
was observed, presumably due to the steric repulsion be-
tween the albumin layer on the glass and the glycocalyx on
the cells. Beyond this range, both specific and nonspecific
adhesion were observed, as indicated by the nonzero surface
flux of control (type A) cells. Despite the high affinity be-
tween an antigen and an antibody, the adhesion efficiency is
less than 0.8 for all the flow rates used, a seemingly para-
doxical result, if compared with the values obtained for non-
specific adhesion. However, only 0.26% of the surface area
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FIGURE 10 Dimensionless surface flux and adhe-
sion efficiency for specific adhesion. Symbols: *, ex-
perimental Sh for antibody density 6 pmollm2; 0, ef-
ficiency for antibody density 6 pmol/m2; V, efficiency
for antibody density 7.3 pmol/m2; *, efficiency for
antibody density 8.8 pmollm2. Dashed line represents
the calculated values of Sh.
on glass is covered with antibody. This corresponds to an
IgM density of 6 pmol m-2 for the 0.158 nmol liter' IgM
used, and to about 104 antibody molecules per red cell
projected area. Due to the curvature of the FSRC, the ra-
dius of the actual area where bridging is possible is much
smaller. Assuming that the minimum separation distance,
hs, between the cell of radius a and the surface corre-
sponds to the diameter of an albumin molecule (10 nm),
and the maximum length for an antigen-antibody cross-
bridge, hb, corresponds to the diameter of an IgM molecule
(30 nm), the radius of the cell/surface contact area can be
estimated as [a2 (a - hb - hr)'] 0.35 ,um (Cozens-
Roberts et al., 1990; Tha et al., 1986). Therefore, on aver-
age, there should be 1.4 antibody molecules in a "contact
area" of 0.4 ,um2. Since the cells are rotating, while travel-
ing along the surface, the area a cell covers in a complete
rotation is 2-ral,, where lw = 0.7 ,gm is the width of the
area. The number of antigen-antibody bonds formed in this
area (i.e., during the time of one cell rotation) can be ex-
pressed as
P = I3fNagNab (11)
where Nag = 21ral,N*/4,rra2 is the total number of antigen
molecules in the area, N* being the number of antigens on
each red cell; Nab = 2-wal1oq/wrb2 is the total number of an-
tibody molecules in the area, af being the surface coverage
of the antibody molecules of radius ba. The probability, f, for
an active site on an antibody to encounter an active site on
an antigen can be estimated asf = Ns(bllba)2(bjda)2, where
b1 and b2 are the radii of the active sites on an antibody and
on an antigen, respectively, da is the radius of an antigen, and
NS is the number of the available variable regions on each
IgM molecule on the surface. ,B in Eq. 11 is the efficiency of
forming a bond. This efficiency of bond formation reflects
the normal distance between an antigen and an antibody, as
well as any effects of the potential energy of receptor/ligand
interactions. Thus, Eq. 11 can be rewritten as
P = 13 b4d2-N-NsN
a a
(12)
Assuming that (i) the radius of the active sites of both the
antigen and the antibody is 2 A, (ii) the radius of the antigen
is 5 nm, (iii) N* = 1 X 106 (Schenkel-Brunmer, 1980), and
(iv) NS = 5,p is found to be 8'3, suggesting that, on average,
a cell has to rotate only 450 to form a bond, provided it is
sufficiently close to the surface. This high probability ofbond
formation is consistent with the high efficiency of specific
adhesion at very low surface antibody coverage.
As indicated by the circles in Fig. 10, the adhesion effi-
ciency is also affected by the flow rate. This can perhaps be
explained by the dependence of the bond forming efficiency,
3, on the antigen-antibody distance. The cells are closer to
the surface when moving at a higher Pe, resulting in better
contact with the antibody molecules. The data indicated by
the triangles and squares in Fig. 10 confirm the fact that
increasing the coating density improves the adhesion effi-
ciency.
Fig. 11 shows the effect of cell shape and deformability on
the adhesion rate. Fixed spherical cells show a higher ad-
hesion efficiency than the fixed biconcave ones, even though
the theoretical values have been corrected for the smaller
hydrodynamic diameter (5.7 ,um by PCS measurements) of
the biconcave cells. This could be due to the fact that the
membrane area of a biconcave cell which can participate in
membrane/substrate contact is smaller than that of a spherical
cell. Consequently, the probability of forming an antigen-
antibody association is also smaller. Moreover, when a bi-
concave cell rotates along the surface, the average distance
between the cell center and the substrate (-4 ,um) tends to
be larger than that for a spherical particle (-3 ,u), which
results in a lower adhesion rate.
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FIGURE 11 Effect of cell shape and rigidity. Sym-
bols represent adhesion efficiencies for normal red cell CD 0.8
suspensions (M); fixed spherical red cells (in sucrose/ /0
saline) (0); and fixed biconcave red cells (in sucrose/ -,
saline) (v). Lines are a polynomial fit. CD
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As regards the normal red cells, it should be noted that they
were suspended in a saline solution (0.15 M NaCl), while the
fixed cells were in a sucrose/saline solution. Despite the
higher gravity force in saline, the normal cells adhered faster
than fixed cells (spherical and biconcave). There are three
possible explanations for this. First, although we have no
direct evidence that fixation alters or destroys antigenic mol-
ecules, it does limit their mobility. Unfixed cells facilitate the
adhesion by the migration of antigen to the initial contact
area, thus reinforcing the bond strength, although this is un-
likely to happen on a time scale of a collision. Second, the
fixed cells are lacking in flexibility. The high rigidity pre-
vents the cells from deforming, which otherwise would in-
crease the secondary binding area around the initial contact
area. This is consistent with the evidence that fixed red cells
form large aggregates less readily than normal cells when
exposed to antisera (Marquardt et al., 1984). Finally, anti-
body may be more effective in saline than in the presence of
sucrose.
CONCLUDING REMARKS
The flow dependence of the surface flux of glutaraldehyde-
fixed spherical swollen red blood cells to glass in a physi-
ological salt solution containing 17% sucrose can be very
well described by the numerical solution of the mass trans-
port equation, taking into account hydrodynamic interactions
as well as van der Waals attraction, electrostatic repulsion,
and external gravity forces, and assuming that the product of
the ; potentials of the cell membrane and the glass is about
12 (mV)2. The ratio of the experimental Sherwood number
to the theoretical one, denoted as adhesion efficiency, is
nearly unity at flow rates lower than 85 ,ul/s, while the ad-
hesion efficiency drops at higher flow rates, due the increase
in tangential force. For particles as large as erythrocytes,
hydrodynamic interactions are not negligible, especially at
high Pe numbers. The critical deposition concentration is
found to occur at 120-150 mM NaCl, which is consistent
with the theoretically predicted values. At low salt concen-
trations, the experimental values are larger than the theo-
retical ones. Creating steric repulsion by adsorbing a layer of
albumin molecules on the glass completely prevents non-
specific adhesion at flow rates below 60 ,ul/s. Preincubating
the glass with monoclonal IgM specific to blood group B
antigen prior to albumin coating results in antigen-antibody
mediated adhesion of type B cells but not of type A cells
below that flow rate. At higher flow rates, both specific and
nonspecific adhesion occur. The adhesion efficiency of this
specific adhesion is a function of the concentration of the
antibody on the surface and the flow rate. Despite the fact that
only 0.3% of the surface was coated with antibody, the ad-
hesion efficiency was about 80%. This is due to the large
probability that an active antigen site will encounter an active
antibody site during a single cell rotation. Cell shape and
flexibility are also parameters that affect the adhesion rate.
Compared to fixed biconcave red cells, fixed spherical cells
have a larger adhesion efficiency. Normal red cells adhere
more readily through antigen-antibody bonds than fixed
cells, approaching 100% efficiency at large flow rates.
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